Abstract: Due to safety requirements, insensitive behaviour under slow thermal heating (cook-off) conditions is a desirable behaviour for today's munitions. In this paper a cook-off device is designed to test two groups of RDX-based PBX explosives. In the first group the binder type was varied and in the second group the binder content of the RDX-based explosive was changed. Eleven samples were examined in order to evaluate the influence of four different binders and seven different binder contents on the shell deformation and the degree of the involved reaction. The test results showed that the degree of the reaction can be improved by changing the binder content, but not by the binder type. This phenomenon was explained by the thermal-conduction theory.
Introduction
RDX (1,3,5-trinitroperhydro-1,3,5-triazine) is a high-energy nitramine explosive, with a high detonation velocity, high heat of detonation and detonation stability characteristics. Although it has been widely used in high-energy composite explosives [1] [2] [3] [4] , the thermal stability of RDX explosives is still the focus of current research. Many researchers have conducted slow cook-off experiments [5] [6] [7] [8] and simulations [9, 10] on RDX-based explosives. In particular, Sandusky and Chambers [11] presented a device to measure the sample expansion and performed slow cook-off tests for both PBXN-109 (67% RDX, 20% aluminum, 13% HTPB/ DOA binder) and PBXN-5. They developed a model to simulate the pre-ignition and post-ignition behaviour of the PBXN-109 and verified the measured cookoff time and temperature. To validate their cook-off process models, researchers from Sandia National Laboratories [12] have performed a series of experiments on PBXN-109 and PBX-9501 and have indicated that detailed thermal properties and chemical parameters for the explosives are required in order to predict more accurately the reaction violence. Zhi and Hu [13] chose an RDX-based booster for a slow cook-off test and obtained its response characteristics by varying the density of the booster explosives and by using different restriction materials for the shell. Feng and Rui [14] studied the cook-off test and the numerical simulation of RDX under different temperature conditions. In order to understand the violence of fluid/melting explosives under external heat sources, Nichols [15, 16] changed the model's coupled physics code of ALE3D to handle reacting explosive fluids, and made an experiment for Comp-B (39.4% TNT, 59.5% RDX and 1% wax) using the modified model. None of the above work has fundamentally improved the thermal stability of RDX-based explosives.
From the application of cook-off experiments on energetic materials [17] [18] [19] [20] , it was found that the binder has a significant influence on the violence of the response. For instance, Cook [21] performed cook-off tests for HMX/HTPB composite explosives and obtained their response characteristics by varying the HTPB content and heating rate. Chaves and Góis [22] simulated the slow cook-off process for an RDX-based explosive and demonstrated that the addition of HTPB, DOS or IPDI binder reduces the ignition delay time as well as the ignition temperature.
In the present paper, a series of slow cook-off tests were performed for RDXbased explosives to investigate their response characteristics, by varying the binder type and binder content. Through these tests, the relationships between binder type and violence or binder content and violence were obtained. The test results could help to reduce the thermal sensitivity of RDX-based explosives in practical applications.
Experimental

Slow Cook-off Tests
A schematic diagram of the cook-off bomb is shown in Figure 1 , and consists of an RDX/Estane explosive, retaining bolts, top and end plates, plus two steel and one aluminum sleeves. The top and end plates were made of Q 235 steel. The three sleeves, the inner, the outer, and the aluminum one, had dimensions Φ 22 mm × 64 mm, Φ 33 mm × 78 mm and Φ 28 mm × 72 mm respectively, and were firmly connected by four retaining bolts. A groove with a diameter of Φ 33 mm × 1 mm at the center of the two plates was used to fix these sleeves. Figure 2 illustrates the experimental process, which consisted of an instrument for the thermal response dynamic parameter test of 0.1 degrees (Chengdu Taisite Electronics Information Co. Ltd.), an explosion protection device, the cook-off bomb and a computer with pre-installed analysis software for testing the data. The heating jacket that was placed on the side wall of the shell generated the thermal power for the cook-off bomb.
Figure 1. Schematic diagram of the cook-off bomb
Figure 2. System sketch of the slow cook-off test
An MR13 temperature control device (SHIMADEN MR13 Co., Japan) was used to maintain a temperature increase of 6 ±0.2 °C/min. The temperature within the sleeves throughout the heating process was measured by a K-type thermocouple (Beijing Xu Ri Dong Hui Technology Co., Ltd., China) (chromel/ alumel, ±1.0 °C) and was fixed in the groove located at the center of the aluminum sleeve exterior.
During the test process, data concerning changes in the surface temperature of the explosive with time, the temperature response time, and the deformation of the shell of the cook-off bomb could be obtained to analyze the severity of the explosive reaction.
Samples and experimental conditions
The RDX was provided by Gansu Yinguang Chemical Industry Ltd. (Baiyin, China) and its particle size was from 2 μm to 5 μm. Estane 5719, EVA 40W, F 2601 and ACM were purchased from Lubrizal Special Chemical Co. Ltd., E.I. Du Pont Company, Huizhou Hao Yuan Plastic Raw Material Co. Ltd. and Lubrizal Special Chemical Co. Ltd., respectively. Two groups of explosive samples were prepared. The first group consisted of 4 samples and each sample had a fixed RDX content of 95% and 5% of one of the 4 different binders, namely Estane 5719, EVA 40W, F 2601 and ACM. The second group consisted of 7 samples and each sample had the same ingredients, RDX and Estane, but in different ratios. The detailed information is listed in Table 1 and Table 2 , respectively. In this paper, all explosive particles were prepared by the water suspension method and pressed into an explosive column with a size of Φ 16 mm × 32 mm based on 90% of the theoretical maximum density (TMD). A constant heating rate of 6 °C/min was applied in each experiment until reaction occurred.
DSC tests
The four different plastic binders listed in Table 1 were analyzed using a DSC-131 differential scanning calorimeter (France Setaram Corporation, Shanghai, China). The conditions for the DSC tests were as follows: sample mass 0.7 mg, heating rate 6 °C/min, nitrogen atmosphere flowing at 30 mL/min.
Results and Discussion
Slow Cook-off Test results
Slow Cook-off Tests for different binders
The results from the slow cook-off tests for the PBX explosives with the four different binders are shown in Figure 3 and the corresponding response results are listed in Table 3 . It may be observed from Table 3 and Figure 3 that the reaction degrees of the slow cook-off tests remained the same, regardless of the binder types. Figure 4 shows the DSC curves of the 4 different binders, namely, Estane 5719, EVA 40W, F 2601 and ACM. The heating rate was 6 °C/min, the same as the heating rate in the slow cook-off tests. IIt may be observed from Figure 4 that after the temperature passes 450 °C, the 4 different binders exhibit different degrees of endothermic reaction.
As listed in Table 3 , the response temperatures for the 4 explosive samples were almost identical, around 220 °C. However, their DSC curves revealed that the 4 different binders have no notable endothermic or exothermic reactions. These phenomena indicate that once the percentage of the binder is fixed in a PBX explosive, it remains unchanged until the explosive reaction occurs.
The density of 4 different binders was in the order F 2601 > Estane 5719 > ACM > EVA 40W. When the binder's mass percentage was 5%, a higher density and thus a lower volume percentage in the composite explosive gave an increase in the volume percentage of RDX. When the explosive column volume Copyright © 2018 Institute of Industrial Organic Chemistry, Poland is fixed, an increase in the volume percentage of RDX means an increase in the RDX mass, and this leads to a larger energy output. It may be observed from Table 3 and Figure 3 that the reaction degrees of these 4 composite explosives in the slow cook-off test remained the same. To some extent, this explains why F 2601 is better than the other binders on the basis of a fixed volume percentage of RDX and explosive column volume. However, this experiment cannot fully explain this conclusion and needs further research. Although these tests cannot establish which binder is the best, these experiments showed that changing the type of binder does not improve the thermal stability of an RDX-based PBX explosive. Estane was chosen as the binder in further studies for its good cohesiveness.
Slow Cook-off Tests for different binder contents
The slow cook-off tests were also performed for the second group of 7 explosive samples, corresponding to 7 different ratios of RDX and Estane (see Table 2 ). The images of the fragments after the slow cook-off tests are shown in Figure 5 and the corresponding response results are listed in Table 4 . From both Table 4 and Figure 5 , it may be observed that the response characteristics of the slow cook-off tests increase with a decrease in the binder content in the RDX-based PBX explosives. Further inspection of the results revealed that the slow cookoff test underwent a deflagration-to-detonation transition (DDT) at 5%, as the binder content was decreased from 10% to 1%. Both the top and end plates The response mechanism of a nonhomogeneous explosive detonation is explained by the two-stage theory [13] ; that is, hot ignition and hot spots cause chemical reactions to transform to detonation. The main factors of the hot ignition stage are the sizes of the holes between the explosive particles and the porosity. As the density of an explosive decreases, its porosity increases. Then the hightemperature gases decompose at the explosive centres and easily penetrate the surrounding area, leading to the temperature increasing and more hot spots being formed [23] . As the number of hot spots increases, the burning area likewise grows exponentially with its burning rate triggering a detonation. A partial detonation wave produces a superposition effect, leading to a violent reaction.
Firstly, as the binder content increases, the density of the composite explosive decreases, and the decrease in density leads to a continuous increase in porosity. Secondly, as the binder content increases, the RDX content in the composite explosive is reduced. Due to these two factors, the amount of explosive per unit volume is decreased and the release rate of gaseous products is reduced. There is insufficient pressure inside the explosive pellet, so the energy loss in the burned area is too large to lead to the formation of detonation.
The thermal expansion and decomposition [11] due to the temperature increasing lead to pressure accumulation in the RDX-based PBX explosive. Since the amount of explosive per unit volume is decreased, a spray occurs after the pressure burst. Some unreacted or post-combustion traces adhere to the top plate as residue. A similar ejection of unreacted material after the pressure burst was also observed in the HMX/HTPB and RDX/TNT experiments [21, 24].
Conclusions
1. At a fixed content, the four binders cannot improve the thermal stability of a PBX explosive based on RDX. 2. Under slow heating conditions, the binder content has a significant effect on the response violence. When the binder content is less than 5%, DDT occurs. In order to reduce the thermal sensitivity of RDX-based explosives under slow cook-off conditions, the binder content should be greater than 5%.
